Visual analysis is required to perform many biological experiments, from counting yeast colonies to measuring the size and shape of individual cells or the intensity of fluorescently labeled proteins within them. This unit outlines the use of CellProfiler, a free, open-source image analysis tool that extracts quantitative information from biological images. It includes a step-by-step protocol for automated analysis of the number, color, and size of yeast colonies growing on agar plates, but the methods can be adapted to identify and measure any objects in images. The flexibility of the software allows users to tailor pipelines of adjustable modules to fit different biological experiments, to generate accurate measurements from dozens or even hundreds of thousands of images. Curr.
INTRODUCTION
Many experiments in a biology laboratory involve visual inspection-whether examining yeast colonies or growth patches on agar plates, or examining live or stained cell samples by microscopy. Acquiring images and analyzing them automatically with image analysis software has several advantages over simple visual inspection. It is less tedious, more objective and quantitative, and, while the set up can be time-consuming, the analysis itself is usually much faster for large sample sets.
This unit outlines a protocol for the automated counting and analysis of yeast colonies growing on agar plates; however, the methods described can be adapted to a wide variety of biological "objects" and can be used to measure a wide variety of features for each object. The protocol uses the open-source, freely downloadable software package, CellProfiler. CellProfiler has been validated for a wide variety of biological applications, including yeast colony counting and classification, cell microarray annotation, yeast patch assays, cell-cycle classification, mouse tumor quantification, wound healing assays, and tissue topology measurement (Cowen et al., 2006; Hartwell et al., 2006; Lamprecht et al., 2007) , as well as analysis of fluorescence microscopy images for measurement of cell size and morphology, cell cycle distributions, fluorescence staining levels, and other features of individual cells in images (Bailey et al., 2006; Carpenter et al., 2006; Moffat et al., 2006; Carpenter, 2008) .
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Supplement 82 count yeast colonies on each plate, and to measure each colony's size, shape, texture, and color. Lastly, instructions are given for analyzing the numerical results, which can be done within CellProfiler using its built-in data tools, or by exporting the data in a tab-delimited text file to a spreadsheet program such as Microsoft Excel or more sophisticated analysis programs such as R (R Development Core Team, 2007) .
NOTE:
In addition to the Help menu in the main CellProfiler window, there are several "?" buttons containing more information about how to use CellProfiler. Clicking the "?" button near the pipeline window will show information about the selected module within the pipeline. Additionally, the CellProfiler user manual is available in pdf format (http://www.cellprofiler.org/install.htm), and a user forum is available for posting and reading questions and answers about how to use the software (http://cellprofiler. org/forum/).
NOTE: There are several options for modifying the appearance of the main CellProfiler window. To change preferences, click on File > Set Preferences.
Materials
Images of yeast plates to be processed Images can be taken with a flatbed scanner or digital camera (Dahle et al., 2004; Memarian et al., 2007;  21. Use MeasureObjectIntensity to measure the intensity of each colony in the SubtractedRed image.
In this pipeline, IdentifyPrimAutomatic separates the clumped colonies in a two-step process: identification of the number of colonies in a clump, and then drawing of boundaries between the clumped objects. For the first step (identifying the number of colonies in a clump), two criteria options are available: Intensity and Shape. Intensity tends to work well if the objects are brighter in the center and dimmer at the edges, whereas Shape works well when the objects have definite indentations where clumped objects touch each other (especially if the objects are round). Yeast colonies are best analyzed with the Shape option. Once the number of colonies in a clump is identified, CellProfiler carries out the second step (deciding where to draw the boundaries between clumped objects

Adjustments should not be necessary, unless you have added more identify modules to identify other objects in the images, or if you want to measure the intensity of a different color for the colonies. The measurements displayed in the figure window are the average measurements of the colonies. The individual colony measurements are saved by CellProfiler and can be exported using Export Data under the Data Tools menu (step 29).
22. Use MeasureObjectAreaShape to measure area and shape features. 23. Use the ClassifyObjects modules to classify each colony for the desired parameters. 
For sets of images too large for a single computer, see the Alternate Protocol to run images on a computing cluster.
Explore data with the built-in data tools of CellProfiler 28. CellProfiler has several data tools for analysis, including tools for plotting histograms, scatter plots, and bar and line charts. To use the tools after analysis is complete, click on Data Tools in the main CellProfiler window, and then select one of the following: a. Histogram: To display the analyzed data in a histogram, the tool will prompt you to choose the output file (.mat) from your analysis. Follow the prompts to select the data to be displayed. b. PlotMeasurement: To visualize the data as a one-or two-dimensional scatter plot, bar chart, or line chart, the PlotMeasurement tool will prompt you to choose the output file (.mat) from your analysis and the features you would like to visualize. For bar charts, line charts, and one-dimensional scatter plots, the mean and one standard deviation are shown.
Export data to spreadsheet program 29. Once processing has completed, the data can also be exported to a tab-delimited text file that can be opened in Excel or more sophisticated statistical analysis programs (e.g., R). Click on Data Tools > ExportData in the main CellProfiler window. 
ANALYZING IMAGES ON A COMPUTING CLUSTER
Depending on the number of images and size of the pipeline, it may be necessary to use a computing cluster. CellProfiler can create batch files to run any pipeline on a Linux cluster. While a few hundred image sets can usually be run on a stand-alone desktop computer within a few hours, users should consider running larger image sets on a computing cluster in batch mode to speed up processing.
For materials, see Basic Protocol. 2. Create the batch files for running your analyses on a computing cluster.
a. Add the CreateBatchFiles module (in the File Processing category) to the end of the pipeline and configure it appropriately, according to the Help for the module. If your dataset is large and requires analysis in a database environment, add the ExportToDatabase module. It should be added after all other modules in your pipeline, but before the CreateBatchFiles module. b. Click on the Analyze images button. CellProfiler will process the first batch of images locally and then produce the necessary files for batch processing. c. Submit the batches to your cluster for processing. See the Help > General Help > Batch Processing within CellProfiler for details.
3. Manage data processed on a computing cluster. 
COMMENTARY Background Information
As research laboratories move towards high-throughput sample preparation and data acquisition, visual inspection of images becomes less desirable. Traditionally, biologists visually inspected images and drew meaningful conclusions, but these conclusions were usually qualitative and, because measuring more than a few metrics was rarely possible, valuable information was often overlooked. Using automated image analysis programs like CellProfiler, visual assays can be scaled up from a few samples to hundreds or thousands of samples. By analyzing the size, shape, 
Critical Parameters Troubleshooting
If a module fails, an error message will appear. In addition to the user manual, CellProfiler has a forum (http://CellProfiler. org/forum/) for posting questions and reporting problems, which is frequently monitored by the developers.
If your computer does not have adequate memory, an Out of Memory error will appear. This can often be ameliorated by reducing the number of display windows shown during processing. In File > Set Preferences, change the display mode to Specify windows to display.
Anticipated Results
Once the pipeline is completed, the measurements will be saved in the output file (.mat). In addition, a processed image will be saved to the hard drive for each input image, showing the cropped plate with the colonies outlined.
Time Considerations
Downloading and installing the software should take <15 min, and running the example pipeline only a few additional minutes. Depending on the extent that your images differ from the examples, 1 day should be allotted to adjust the pipeline to your images and learn the basics of how to operate CellProfiler before proceeding to analyze all of your images. The set up time for an analysis is the same whether a handful or hundreds of thousands of images are processed. Tens of thousands of images can be routinely analyzed per experiment.
Once the pipeline has begun to cycle through your images, CellProfiler will run until all images are analyzed, at a rate of ∼1 image/min. After completing the first analysis on a set of your own images, it usually only requires 15 min to double check the settings on a few test images and begin running a new batch of images.
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